Purpose
Benchmarking has become an important issue in supply chain management practice. However, challenges such as supply chain complexity and visibility, geographical differences, nonstandardized data have limited the development of approaches for evaluating performances of product supply chains. The paper aims to develop a benchmarking framework to address these issues ensuring that the entire supply chain environmental impact (in terms of carbon) and resource use for all tiers, including domestic and import flows, are evaluated. This industry-level benchmarking approach ensures that individual firms can compare their carbon emissions against other similarly structured firms.
Design/Methodology/Approach
The benchmarking framework utilises the Multi-Regional Input-Output methodology to develop product supply chain carbon maps on which industry-level benchmarks are based. The steel industry supply chain is used to demonstrate the application. Carbon emissions and resource requirements are chosen as environmental sustainability indicators.
Findings
Supply chain carbon maps are developed as a means of producing industry-level benchmarks to set a measure for the environmental sustainability of product supply chains. The industry-level benchmark provides the first step for firms to manage environmental performance, identify and target high carbon emission hot-spots and for cross-sectoral benchmarking.
Originality/value
The paper links the theoretical development of supply chain environmental systems, based on Because of the close linkage and impacts of economic systems on the environment (Schaltegger and Synnestvedt 2002) , issues related to business sustainability have taken root in supply chain management practices. This can also be attributed to the fact that besides the competitive advantage these can offer to businesses, companies are nowadays held accountable for their environmental performance by three key stakeholders groups, namely: organisational stakeholders (suppliers and partners, employees, management, etc), societal stakeholders (media, consumers and community and interest groups, etc) and regulatory bodies (stakeholders that set laws or lobby government to set laws).
In order to make the transition towards sustainable supply chains, decision making in organisations needs to be informed by supply chain sustainability research (Burritt et al., 2002) . This is because recent studies have clearly interconnected supply chain strategies and their environmental consequences (Handfield et al., 2005 and Paulraj 2009 ) and in particular how this can form the basis for sustainable supply chain performance management (Hervani et al., 2005) .
In this context, benchmarking approaches may be a useful technique for identifying improvement opportunities in supply chains (Beamon 1999) and, therefore, favouring the transition towards sustainable supply chains.
Generally, business sustainability requires companies to develop and adopt economically, environmentally and socially sustainable practices (Schaltegger et al., 2008) . In terms of environmental sustainability, because of the environmental impacts created along product supply chains, management strategies are increasingly including prescriptions about supply chain lifecycle assessments Koh et al., 2013) and their implications for decarbonisation and mitigation efforts (Weber and Peters, 2009; Confederation of British Industry, 2011 and Koh et al., 2013) . Indeed, the integration of life cycle analysis principles at the supply chain design phase maximizes long-term sustainability (Chaabane et al., 2012) . However, supply chains are inherently complex because of the globalized nature of multi-tier process and service inputs. Hence, in order to satisfy a key principle underlining sustainable supply chains (that is, visibility of the entire upstream and downstream supply chains) Rogers, 2008 and Easton, 2011) , any environmental sustainability assessment methodology utilised to inform performance measurement and benchmarking must address this complexity. A review of supply chain benchmarking literature suggests this is clearly lacking (Beamon 1999; Gunasekaran et al., 2001; Hervani et al., 2005) .
Informed by the principles of lifecycle assessments, supply chain maps can formally and visually represent the interaction between different entities within a supply chain. According to Gardner and Cooper (2003) and Acquaye et al. (2012) supply chain mapping offers businesses a range of benefits including the identification of areas where inefficiencies can be improved and a support in supply chain redesign or modification. As an extension to these benefits offered by supply chain maps and to address the gaps in knowledge deriving from the inherent complexity of product supply chains and from challenges in supply chain performance measurement and benchmarking (Beamon 1999; Gunasekaran et al., 2001 and Hervani et al., 2005) , the following research questions are addressed in the paper:
i.
Based on the multi-regional input-output analysis approach, how can a carbon assessment methodology be applied to product supply chains for developing a benchmarking framework which ensures that the entire supply chain impacts (in terms of carbon) and resource use for all tiers of the supply chain, including domestic and import flows are evaluated?
ii. By designing and developing product supply chain maps based on carbon emissions and resource requirements, how can these maps form the basis for industry-level benchmarking against which individual firms can compare their carbon emissions performance against other similarly structured firms? Based on these research questions, the paper presents a systematic approach for designing and developing supply chain maps which can be used as a benchmark for environmental sustainability (in terms of carbon) in performance measurement of product supply chains. This would be undertaken by using relative resource requirements and carbon emissions as environmental indicators. As such, by gaining insight into the visibility of product supply chains (such as relative resource requirements for all tiers of the supply chain, including domestic and import flows), their environmental sustainability can be benchmarked and greener operations opportunities adopted. As Faruk et al. (2001) noted, by understanding the entire (upstream and downstream) supply chain impacts, better strategic actions can be taken; furthermore, these actions may have a much wider positive impact. This benchmarking process can also serve as a useful means of supporting companies in the successful operationalization and implementation of their carbon management strategy using carbon accounting (Schaltegger and Csutora, 2012) .
The supply chain maps developed and presented in this paper are based on the Multi-Regional
Input-Output (MRIO) methodology which takes a system-wide perspective (details are presented in Section 3). Approaches to design, evaluate and benchmark the performance of product supply chains based on relative resource requirements, and emissions profiles are illustrated. To test the applicability of using supply chain maps as an industry benchmark, a case-study from the UK steel industry is utilised.
By identifying the supply chain paths that drive resources requirements and life cycle carbon emissions, supply chain managers and decision-makers are provided with the information to benchmark their supply chain performance, by identifying the critical hot-spots which must be targeted in order to efficiently reduce the carbon emissions. This view is supported by Busch and Hoffmann (2011) who stated that when carbon emissions are used as an outcome-based measurement, corporate environmental performance pays off. By adopting a system wide supply chain perspective in this study, a major opportunity for comprehensive supply chain performance measurement through benchmarking at the industry level is therefore presented. At the same time the system perspective increases the pressure on companies along the supply chain to adopt environmentally responsible business practices to green their entire supply chains (Srivastava, 2007 and Abdallah et al., 2012) .
The paper will be structured as follows: In Section 2, a literature review of supply chain performance measurement and supply chain mapping will be undertaken to provide context. This paper adopts a macro-economic supply chain modelling approach based on the principles of lifecycle assessments to develop supply chain maps and provide a basis to manage and benchmark supply chain performance. Details of the general methodology and theoretical underpinning are provided in Section 3. Section 4 illustrates the development of supply chain maps. The results of the study are presented and discussed in Section 5 allowing for conclusions to be drawn in Section 6.
Literature Review

Supply Chain Performance Measurement and Benchmarking
Following Neely et al's (1995) definition of performance measurement and various literature reviews (inter alia: (Beamon, 1999; Chan, 2003; Hervani et al., 2005; Ritchie and Brindley, 2007 and Schaltegger, 2011) ), supply chain performance measurement has generally dealt with a systematic way of quantifying the effectiveness and efficiency of the supply chain using appropriate quantitative or qualitative methods. Such supply chain performance measurement includes benchmarking approaches which provide a useful way to identify improvement opportunities (Beamon, 1999) and in strategic, tactical and operational planning capable of shaping objectives, actions and decisions (Gunasekaran et al., 2004) . Supply chain performance measurement can be undertaken from the perspective of the focal firm (Hubbard, 2009) (Keebler and Plank, 2009 ) and consumers (Zhao et al., 2001) . In recent times, there has been a growing interest in measuring sustainability performance of supply chains which has resulted in the emergence of green supply chain performance measurement frameworks (Bai et al., 2012; Björklund et al., 2012 , Genovese et al., 2013a . In terms of environmental sustainability, such performance measurement is based on the principle of lifecycle assessment (Sarkis, 2012) which is usually employed to evaluate profiles of competing products (Collado-Ruiz and Ostad-Ahmad-Ghorabi, 2010) and, by extension, to green certification and labelling (Rajagopalan et al., 2011) . Although such lifecycle-based performance measurements may provide a useful way of making sound environmental decisions regarding a product supply chain, there is no current standardised approach to benchmark product categories. In addition, lifecycle assessment (LCA) based approaches used for benchmarking have generally adopted process-based methodologies (Collado-Ruiz and Ostad-Ahmad-Ghorabi, 2010 and Ibáñez-Forés et al., 2013) . Traditional or process-based LCA approaches inherently suffer from system boundary truncation and as such are not able to deal with the complexity of supply chains Majeau-Bettez and et al., 2011) . In designing and developing the benchmarking framework based on the product supply chain carbon map, the Environmental Input-Output approach Duffy, 2010) , developed in this paper as a 2-region (UK and Rest of the World) Input-Output Framework is adopted (Refer to Section 3). This provides an extended system boundary for the benchmarking framework and helps address the complexity of product supply chains in terms of the globalized nature of the interconnected product, process and service inputs involved in product supply chains at every tier (Finnveden et al., 2009 and Rodrigues et al., 2010) .
As Shaw et al. (2010) pointed out, many firms are not in a position to conduct benchmarking activities due to the lack of approaches that would enable them to measure their environmental performance and compare it to industry standards or competitors. This paper hopes to add to the knowledge base by presenting a systematic approach to benchmark the performance of 
Supply Chain Mapping
A map can be defined as a spatial representation of an environment (Muehrcke and Muehrcke, 1992) . A supply chain map can therefore be described as a graphical representation of the spatial and functional relationships between the various actors in the organisation's supply chain network. A supply chain map must combine two characteristics: the immediacy of the information to be shared and the capability of exceeding individual understanding and vision (Gardner and Cooper, 2003) . The appearance of maps can vary significantly from application to application and across disciplines. An example is provided by geographic information systems (GISs) that provide maps tied to databases capable of displaying several outputs depending on selected variables, such as population density, income, soil type. Applying these concepts to a supply chain context can therefore result in a clear understanding of the exact flow of materials and impacts along the supply chain and hence form the basis for managing and benchmarking the environmental performance of the supply chain.
Several reasons have been cited as motivation for starting a supply chain mapping process (Gardner and Cooper, 2003) . However, these benefits have not previously been extended to form the basis for benchmarking the environmental performance measurement of the supply chain. According to the current state of the art, several methodologies are available for mapping purposes (for a complete review see, Min and Zhou, (2002) :
• GIS-based methods, that allow for a geographical representation of the supply chain;
• Network-based methods, allowing for representing flows across the supply chain thanks to a node-edge perspective. This is mainly utilised in the operational research literature for setting and solving supply chain optimisation problems;
• Value Stream methods, that allow for identifying value creation hot-spots within the supply chain, usually used in reducing waste and idle times.
The current literature does not provide any approach for mapping a supply chain from a lowcarbon perspective. Mason et al. (2008) develop a new mapping technique based on lean thinking paradigm and value stream mapping, attempting to adapt this to the requirements of industrial ecology. It draws on systems theory to assert that lean thinking is holistic in nature and illustrates that supply chain waste reduction can find wider application in an environmental context. Farris (2010) also used geo-visualization techniques to create strategic supply chain maps using real economic industry exchange data.
In addition to the academic literature, several practitioner-oriented mapping tools have been developed. For instance, PUMA (2011) highlighted how supply chain maps can be used to inform an Environmental Profit and Loss Account by placing a monetary value on the environmental impacts along the entire supply chain. Furthermore, TRUTHSTUDIO (2013) provides visualisation techniques of supply chains in order to support decision making. These examples demonstrate the potential importance of supply chain mapping. Despite the operational benefits and support that these practitioner tools can provide, there seems to be a lack of theoretical foundation, particularly in using approaches in supply chain mapping for benchmarking purposes. According to Gardner and Cooper (2003) supply chain maps can differ on the basis of their perspective. In this paper, we adopt industry-level supply chain maps in such a way to set a benchmark against which the performance of product-level supply chains can be measured. Figure 1 provides the framework for the benchmarking process.
<Insert Figure 1> Indeed, the potential of using supply chain maps for benchmarking can be developed for a whole industrial sector (a top-down approach). This can highlight opportunities for companies to measure their own product-level performance (in terms of relative resource requirements and carbon emissions for instance) against industrial benchmarks.
Methodologies
In this study, Input-Output (IO) methodology applied within a multi-regional (UK and Rest-ofthe-World) framework is adopted to develop the supply chain maps and consequently benchmarking the environmental sustainability (in terms of resource requirements and carbon emissions) of product supply chains against industry-level standards. This methodology is based on the principles of lifecycle assessment (LCA). The usefulness of LCA lies in its application, the nature of the presentation of the results and the relevance and implications of the study. In this paper, the multi-regional input-output LCA methodology is chosen because the benchmarking approach taken is top-down or an industry-level one. Other LCA methodologies such as process LCA analysis and hybrid LCA (Bilec et al., 2006 and that make use of product specific data (a bottom-up approach) would not be wholly suitable. The top-down approach also offers the advantage of overcoming the complexity of supply chains by ensuring the complete visibility of the whole network. Indeed, environmentally-extended multi-regional input-output analysis has emerged as the favoured method for quantifying emission (Wiedmann et al., 2007; Kanemoto et al., 2011; Skelton et al., 2011 and Scott, 2012) . The limitations of this methodology are discussed in Section 5.3. In this study, the industrial supply chain that produces 1 tonne of steel in the UK is used to illustrate these developments. The advancements in MRIO analysis follow on from the basic developments of IO analysis, see inter alia: Peters and Hertwich (2009) and Wiedmann et al., (2010) .
General Input-Output Model
The basic input-output (IO) model which is well documented is used as the underlying methodology in this paper (ten Raa, 2007; Ferng, 2009; Miller and Blair, 2009 and Minx et al., 2009 ). The methodology is very useful in ensuring the whole visibility of the supply chain (Acquaye and Duffy, 2010; Mattila et al., 2010 and Wiedmann et al., 2011) . As a result, a whole lifecycle perspective, which is a key principle of green supply chain management, is adopted (Carter and Easton, 2011; Genovese et al., 2013b) .
Multi-Regional Input-Output (MRIO) Model
The UK MRIO model used to develop the supply chain maps is constructed as a 2-region model (UK and Rest-of-the World, the latter indicated as ROW in the following) framework. The main data sources used are the 2-region Multi Regional Input-Output (MRIO) data expanded upon by Wiedmann et al. (2010) to include MRIO tables split between the UK and ROW.
Following on from the basic IO methodology in which the technical coefficient matrix, Leontief inverse matrix and final demand matrix are clearly defined (Miller and Blair, 2009 ), the expansions reported in the following can be made.
The technical coefficient matrix can be reformulated as: The Technical Coefficient Matrix for UK imports is therefore defined as:
Where: ‫ݍ‬ ሺோைௐ,ሻ represents elements of imports input-output table indicating the input of product ሺ݅ሻ from ܴܱܹ into the industry ሺ݆ሻ of the UK while ‫ݔ‬ represents the total output of UK industry, ሺ݆ሻ.
Given that the demand for steel can result from domestic (or UK) production or from imported (ROW) production, the final demand matrix can be presented such that:
Where: ‫ݕ‬ ሺ,ሻ and ‫ݕ‬ ሺோைௐ,ோைௐሻ represents the domestic (UK) demand for UK products and ROW demand for ROW products respectively. Likewise, ‫ݕ‬ ሺ,ோைௐሻ and ‫ݕ‬ ሺோைௐ,ሻ represents ROW demand for UK products and UK demand for ROW products respectively. Indeed, by interconnecting the domestic and ROW input-output tables into a 2-region MRIO table, the model can overcome the complexity of product supply chains as a result of the globalized nature of the interconnected product, process and service inputs at every tier in the supply chain. In this study, we assume UK demand for products produced in the UK and from the rest of the 
Hence the total (direct and indirect) requirements needed by an industry to produce a given final demand using the MRIO model become:
This MRIO model forms the basis for the development of the industry-level supply chain map used to benchmark the performance of product supply chains in terms of relative resource requirements. To extend the assessment to cover carbon emissions, the MRIO model is combined with an industry-level environmental model.
Environmentally Extended MRIO Model
Input-Output analysis can be extended to an Environmental Input-Output (EIO) lifecycle assessment (LCA) to generate results which can be used in the general assessment of supply chain emissions and to benchmark product supply chains in terms of carbon emissions.
Given that ‫ݔ‬ ൌ ሺ െ ሻ ିଵ
• ‫ݕ‬ defines the total direct and indirect requirements needed to produce an output ‫ݔ‬ for a given final demand, ‫;ݕ‬ the EIO LCA can therefore be defined in a generalised form as:
Where is the direct emissions intensity (kg CO 2 -eq/£) of the IO industries and • ሺ െ ሻ ିଵ the total (direct and indirect) emissions intensities (kg CO 2 -eq/£).
By extension, the matrix expressed in terms of the MRIO structure becomes: Hence, the environmental-extended MRIO lifecycle assessment takes the following form, where the matrix ሺ‫ܧ‬ሻ describes the total emissions:
This environmentally extended MRIO model forms the basis for the development of the industry-level supply chain map used to benchmark the performance of product supply chains in terms of carbon emissions.
Development of Supply Chain Maps
As mentioned above, the development of supply chain maps may be beneficial as it can provide multiple sources of information for benchmarking and performance measurement purposes.
Indeed, supply chain maps can show the relative contribution of resources requirements from supply chain sectors and tiers needed to produce the final product (in this instance, 1 tonne of steel). Secondly, the supply chain maps can report the relative emissions impact of each resource demanded by the product supply chain at each supply chain tier. The following sub-sections will illustrate how the industry-level supply chain maps were developed based on the MRIO methodology presented in Section 3 and used to benchmark the performance of product-level supply chains.
Resource Requirements from Supply Chains Sectors and Tiers
In a generalised form, the final demand matrix and the Leontief Inverse matrix can be expressed As such, at a whole supply chain level, considering the total sectoral demands for product k, the associated inputs from all product sectors are calculated as:
‫ݕ‬ represents the final demand matrix for product ݇. Given that the study assumes UK demand,
൨. In the same way, considering the same product k, for each tier ሺ݊ሻ in its supply chain the associated inputs from product sectors are calculated as:
Therefore, relative resource requirements in the supply chain of the product k from product sectors i at each tier ሺ݊ሻ can be computed as:
The supply chain maps will report the values ߜ , ௧ ሺሻ for the selected product k, at each tier ሺ݊ሻ requiring resource inputs from each product sector i in the economy, taking into account both UK and ROW inputs. In this paper, supply chain tiers are defined as the different levels of interindustry resource demand, and consequently carbon emissions, across the economy which contribute to resources usage, and hence carbon emissions, within the reference industry supply chain being benchmarked. 
Emissions Impacts from Supply Chains Sectors and Tiers
The technical coefficient matrix in the MRIO format is written as: ൌ ௫ ோைௐ ൨. Given that the study assumes UK production but with supply chain resource input (demand) from both the UK and the ROW; the technical coefficient matrix is re-written as: ൌ ൨.
The MRIO EIO lifecycle assessment equation becomes:
At a whole supply chain level, considering the production of a product k, the associated impacts as a result of resource inputs from each product sector in the economy (both UK and ROW) can be formulated as:
Therefore, considering a product k, for each tier ሺ݊ሻ in its supply chain, the associated impacts ሺ‫ܧ‬ ሻ are calculated as:
Thus, relative emissions impacts in the supply chain of the product k as a result of using resources from products sectors at each tier ሺ݊ሻ can be computed as:
The supply chain maps will report the values ߝ , ௧ ሺሻ for the selected product k, at each tier ሺ݊ሻ as a result of using resource inputs from both UK and ROW in its supply chain. To this aim, appropriate thresholds should be defined in order to classify sectors according to their inputs and their emissions.
As outlined in Tables 1 and 2 , a sector i will be represented in the supply chain map at tier ሺ݊ሻ if its relative input ߜ , ௧ ሺሻ is greater than the threshold for the given tier or if its relative emission intensity ߝ , ௧ ሺሻ is greater than 1%.
<Insert Table 1> <Insert Table 2> Figure 2 shows the principles adopted in developing the supply chain map. Each sector is represented by a node (a circle) within the network diagram; the colour of the circle will be representative of the emission intensity level; each tier is represented by a dashed box including one or more nodes. Inputs from each sector are represented by arrows, weighted by the strength of relative resource demand.
For each sector, at each tier level, the following information is reported:
• The relative resource requirement for sector ݅ at tier (n) ߜ , ௧ ሺሻ ;
• The relative emissions intensity for sector ݅ at tier (n) ߜ , ௧ ሺሻ . Weights of the arrows and colours of the nodes will be representative of the different intensities of both resource demands and emissions. Tables 3, 4 and 5 report the adopted thresholds and symbols, also allowing for reporting both domestic and import inputs. Thresholds are flexible and can be adapted based on the specific application.
<Insert Figure 2>
<Insert Table 3> <Insert Table 4> <Insert Table 5> 5 Results and Discussions The supply chain maps presented here re-affirm the fact that inputs having significant emissions impacts within a product supply chain are not limited to direct inputs or domestic supplies but may also include upstream and imported supply chain inputs. As such, any approach used to develop performance benchmarks must be able to capture such inputs that may have significant impacts on the product supply chain. For instance, it can be observed from Figure The benchmarking framework has been developed using national-level data for the steel industry; hence it forms the basis for setting an industry-level benchmark against which firms can measure the performance of their product supply chains. This can be both in terms of relative resource requirements from supply chain sector inputs and carbon emissions contributions. ). Furthermore, it also gives an indication of the measurement of supply chain risk in terms of reliance on imported supply chain inputs.
Supply chain map as a benchmark for industry-level environmental performance measurement
<Insert Figure 5>
As already shown in Figure 4 , the whole economy (both domestic and import) represented by the input-output classification from which a supply chain derives its resources can be represented by 18 different broad market segments. Figure 6 further illustrates the average sectoral emissions in kg CO 2 -eq for 1 tonne UK production of steel. From the analysis, the carbon emissions benchmark for the steel sector in the UK against which the environmental sustainability performance of a steel product supply chain can be measured against was estimated 
<Insert Figure 6>
A detailed breakdown of the top 10 emitting sectors in kg CO 2 -eq for the average production of 1 tonne of steel in the UK is presented in the bar chart in Figure 7 . The biggest carbon emitters are the direct domestic resources used in the steel manufacturing process.
<Insert Figure 7>
In addition to the supply chain carbon map, analyses of the derived results can assist the focal firm to gain further insight into benchmarking the environmental performance of its product supply chain against industry standards in order to identify opportunities to improve environmental sustainability performance.
Supply Chain Managerial Implications
In the benchmarking process, the focal firm responsible for the production of the final product (in this instance steel) takes responsibility as the supply chain leader. Using primary data from its own production process and supply chain, relative resource inputs and carbon emissions at each tier within the supply chain can be identified and matched to the supply chain map developed for the industry-level using the input-output classifications presented in Appendix 1. In this paper, the steel supply chain presented represents a hierarchical supply chain relationship between the focal firm and its suppliers. As such, the main managerial/administrative and operational implications and challenges are the responsibility of the focal firm. The focal firm must encourage and promote a two-way data and knowledge exchange across the supply chain (regarding, for instance, production supplies, carbon emissions impacts, resource usage) in order to avoid an asymmetric information state. Supplier engagement must also be led by the focal firm because it is essential that activities of suppliers identified as carbon emissions hotspots in upstream tiers, such as Tier 1: 112-'Recycling of Metal Waste and Scrap' in this example, must be addressed to reduce the overall impacts. Such supply chain collaborations and partnerships can help turn strategic intent into an organisational reality (Wagner et al., 2002) .
The task of overseeing the implementation and analysis of such a framework should fall within the remit of the sustainability leadership of the company. In fact, such sustainability measures integrated within organisations should be backed by a business case in order that they do not conflict with the primary goals of managers, who are urged to obtain immediate or short-term performance improvement (Burritt et al., 2011) . According to Quinn and Dalton (2009) however for other organisations, the necessary structure can involve the set-up of teams which would enable the full integration of such sustainability practices.
The development of the supply chain maps as a benchmark can also serve as evidence for a base-case environmental scenario analysis, example carbon emission. By implementing low carbon intervention measures at identified hot-spots, different interventions scenarios can be tested to establish which is likely to have the biggest impact and/or represents the best value in terms of future economic and environmental sustainability and competitiveness. This is particularly relevant as economic sustainability remains a key driver for greening activities, with firms perceiving the need to establish robust business cases regarding the payback of interventions to ensure costs as well as emissions are reduced. Such scenario analysis will provide visible evidence and also allow for intervention measures to be prioritised and designed with the information provided by the benchmark presented in the supply chain map. This visible process of strategic emission reduction will allows firms to promote their green credentials to their supply chain partners and customers in an increasingly environmentally conscious climate where green-wash no longer satisfies (Lyon and Maxwell, 2011) .
Supply Chain Challenges and Methodological Assumptions
The environmental performance benchmark presented poses practical supply chain management challenges. In addition, its application must be communicated within the scope of the assumptions inherent in the methodology used in the developments. Access to product supply chain data is a major practical challenge in measuring the environmental performance of a product supply chain against the industry-level benchmark that has been presented. Focal firms must be able to collect supply chain data for their own processes as well as that of their supply chain partners. Data gathering and sharing therefore becomes a pivotal activity. This is because primary supply chain data of the product whose environmental performance is to be measured must be matched to the supply chain maps using the input-output classifications. Although this can be a challenging and time consuming exercise, by selling the fact that benefit from knowledge generation and opportunities for environmental performance improvements are tied to economic gains, the performance measurement exercise can act as a driver for supply chain partners to collaborate more effectively.
Input-output analysis, the methodology underlying the developments (as presented in Section 3) by its nature suffers from inherent limitations (Hendrickson et al., 1998 and Duffy 2010) . For instance, it assumes homogeneity which proposes that each sector produces a uniform output using identical inputs and processes. However, this is not the case since each Wiedmann et al., (2011) and Li et al., (2012) ).
The proportionality assumption in IO analysis requires that in any production process all inputs are used in strictly fixed proportions; as such there is a linear correlation between production inputs and outputs and consequently in environmental impacts (Baral and Bakshi, 2010) . The proportionality assumption is accepted in the use of input-output frameworks (Baral and Bakshi, 2010 ) mainly because of the lack of data (Tukker and Dietzenbacher, 2013) . Hendrickson et al. (1998) also note that the linear proportionality assumption could be sufficiently accurate even if the underlying effects are nonlinear. This is because in some cases, the best available estimate still might be a linear extrapolation.
As such, the industry-level benchmarking undertaken using the IO framework should be communicated as representing the first instance for firms to manage environmental performance of their product supply chain and identify opportunities for continuous improvements. The supply chain framework shown and used to undertake the benchmarking should therefore be considered in context with respect to the practical challenges in its implementation. For instance, in other cases, the use of market-based mechanisms such as emissions certificates or the deliberate re-utilization of resources may also result in reduced emissions. As such, an accurate 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Conclusions
The paper presents a systematic benchmarking approach which utilizes the multi-regional inputoutput lifecycle assessment method as a basis for developing supply chain maps for industriallevel carbon emissions performance measurement. The steel industry supply chain is used to demonstrate the application. The benchmarking approach can enable entire supply chain impacts and resource use for all tiers of the supply chain, including domestic and import flows to be evaluated. In addition, it can provide the basis for individual firms to compare their environmental performance against other similarly structured firms through cross-sectoral benchmarking.
It has been well-established that supply chain performance measurement and benchmarking provides opportunities for businesses to identify ways to improve the sustainability (economic, social and environmental) of their supply chains. However, approaches to measure the performance of these systems are difficult for a number of reasons. These includes: the lack of insight in achieving a fully integrated supply chain (Gunasekaran et al., 2001) ; complexities of the supply chains (Beamon, 1999) ; non-standardized data, geographical differences, lack of agreed upon metrics and benchmarking approaches (Hervani et al., 2005) . This paper has contributed to the knowledge base of this research area by presenting a systematic approach of setting an industry-level benchmark for product supply chain environmental performance measurement by addressing some of these challenges. A general framework for the process is presented in Figure   1 . The methodological framework is underpinned by the use of multi-regional input-output (MRIO) analysis to develop product supply chain maps. This ensures that both direct and indirect carbon emissions impacts are systematically assessed. This is in line with the suggestion by Lee (2011) who emphasised that although companies are increasingly adopting a life cycle perspective of their carbon impacts in their products and services, manufacturers should identify and consider the indirect carbon emissions if they wish to manage carbon footprint and performance in operations. The steel sector was used to demonstrate the approach, which can be extended to other product supply chains. In addition, carbon emissions were chosen as the main environmental sustainability indicator because it is the most commonly cited environmental impact.
The approach also satisfies the key characteristics in the development of effective performance management systems. These key characteristics are: inclusiveness (measurement of all pertinent aspects), universality (allow for comparison under various operating conditions), measurability (data required are measurable) and consistency (measures consistent with organization goals).
The use of the MRIO framework ensures that there is complete visibility of the supply chain hence all domestic and imported resource inputs into the supply chain are captured; hence, this satisfies the inclusiveness characteristic. The compilation of input-output tables is now a routine practice governed by UN standards; hence the analysis undertaken in this study can be replicated for other product supply chains and in other countries and regions under different scenarios, which satisfies the universality characteristic. In addition, the quantitative approach used in the development of the supply chain maps is underpinned by a systematic method used to set an industry-level benchmark for the environmental sustainability of product supply chains, hence, satisfying the consistency characteristic. It also uses and generates measurable supply chain data, hence, satisfying the measurability characteristic.
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